Abstract-A novel dual frequency microstrip antenna with low radar cross section (RCS) is proposed in this paper. Compared with the traditional microstrip antenna, the novel microstrip antenna loaded complementary split-ring resonators (CSRRs) has a low RCS. The novel and traditional dual-frequency microstrip antennas with the center frequency of 3.4 GHz and 5 GHz are designed and fabricated. The results demonstrate that the monostatic RCS of the proposed antenna has been well reduced. The RCS reduction at 5 GHz is as much as 17 dB. Besides, in the case of the ϕ-polarized incident wave, the RCS reduction can be achieved in the angular ranges of −90 • ≤ θ ≤ +90 • in xoz-plane and yoz-plane. At the same time, the CSRRs cause no obvious deterioration in radiation performance.
INTRODUCTION
Stealth technique is very indispensable in 21st modern Electronic War. For low observable platform, antennas contribute most to the total radar cross section (RCS), which in turn makes the consideration of antenna scattering more important [1] . To reduce the RCS of the microstrip antenna, some methods have been proposed, such as changing the shape of the antenna and attaching radar absorbing materials on the surface of the antenna. Nevertheless, these methods may cause detrimental effects on the antenna's radiation characters.
Microstrip antennas have been widely used. To achieve the RCS reduction of the microstrip antenna, a variety of effective techniques are presented, such as structural modification [2, 3] , and the use of frequency selective surface (FSS). The FSS is able to realize the out-band RCS reduction, but it can hardly modify the in-band RCS reduction. Loading electromagnetic band-gap (EBG) structure is also an available approach to reduce the in-band RCS [4] . Unfortunately, the RCS reduction can be achieved only in the angular ranges of −45 • ≤ θ ≤ +45 • . Although the microstrip antenna loading distributed resistance has low RCS, radiation efficiency of the antenna is sacrificed. Besides, slots on the antenna can achieve RCS reduction at the expense of gain loss [5] . Significant RCS reduction effect can be obtained by loading absorbing material but the antenna has a high cost and poor radiation performance [6] .
CSRR is the complementary structure of split rings resonators (SRRs) proposed by Pendry [7] . Over the past years, much attention has been paid to CSRR structure, such as size reduction of microstrip antenna [8] , band-notched function [9] , filter design [10] and so on. Nevertheless, almost no research about loading CSRRs to accomplish RCS reduction has been done. In this paper, a novel compact CSRRs structure is etched on the ground of the dual-frequency microstrip antenna to fulfill RCS reduction. The dimensions of antennas are designed and optimized by using Ansoft's High Frequency Solution Solver (HFSS) software. At 5 GHz, the RCS can be reduced in the angular ranges of −90 • ≤ θ ≤ +90 • both in the xoz-plane and yoz-plane. And at 3.4 GHz, the RCS reduction can be achieved in the angular ranges of −40 • ≤ θ ≤ +40 • both in the xoz-plane and yoz-plane.
COMPLEMENTARY SPLIT-RING RESONATOR
In order to etch more CSRRs on the ground of the antenna, the traditional CSRRs need to be minimized. So a compact CSRR is designed and simulated with the resonant frequency at 3.4 GHz and 5 GHz. After miniaturization, more CSRRs can be etched on the ground of the antenna to realize better effect of RCS reduction. Table 1 . The parameters of the CSRR.
L 7 2 mm 0.9 mm 0.7 mm 0.9 mm 0.9 mm 0. The CSRR is printed on a 1 mm thick FR4 (substrate with the relative permittivity of 4.4). The geometry of the proposed compact CSRR is shown in Fig. 1 . Table 1 shows the parameters of the CSRR. In Fig. 2 , we can clearly observe that the resonance frequency is 3.4 GHz and 5 GHz. The simulation results demonstrate that the distance D between the CSRR's inner ring and the CSRR's outer ring has a remarkable effect on the resonance character. When the value of distance D is increased, the resonance character of the CSRR at low frequency can be better. However, the above method will increase the dimension. Therefore, the value of the distance D of the proposed CSRR has been optimized. Simulative demonstration and geometry of the compact CSRR. Figure 2 . Simulated S 11 of compact CSRR under periodic boundary conditions.
At first, a variety of simulations have been done to explore the influence of the CSRRs on radiation characters of the dual-frequency microstrip antenna. Because of the opening end, the CSRR is an asymmetric structure. Therefore, the antenna performance is possibly affected by different orientations of the opening end, which can be verified by the following simulations. As shown in Fig. 3 , a dualfrequency microstrip antenna working at 3.4 GHz and 5 GHz is presented, with the parameters of L 1 = 13.6 mm, W 1 = 20.8 mm, L 2 = 43.6 mm, W 2 = 50.8 mm. In Fig. 3 , two CSRRs are etched on both sides of the line AB and CD. In Figs. 3(b) , (c), the orientation of the opening end is parallel with the line AB and the line AC, respectively. Under three different conditions, the simulated S 11 and radiation patterns are given in Fig. 4 and Fig. 5 , respectively. According to Fig. 4 and Fig. 5 , it can be concluded that the orientation of the CSRR's opening end should be parallel with the line AB. If the orientation of the opening end is normal to the line, the antenna can not operate. If CSRRs are etched on both sides of the line AC and BD, similar conclusions can be summed up. Based on the current distribution of the antenna with and without CSRRs, the above analysis can be also verified. The dimensions of the patch have a significant effect on the resonance frequency and the radiation patterns. The CSRR can be excited by external electric field [11] . And the direction of the external electric field is parallel to y-axis in Fig. 3 . When the CSRR is excited, it can radiate. The CSRR's radiation principle is similar to the slot antenna's radiation principle. Furthermore, it has its own resonance frequency and radiation patterns [12] . The excited CSRR is able to affect the antenna's radiation performance including resonance frequency and radiation patterns. That conclusion can be verified by the current distribution. The current distribution of the antenna with and without CSRRs at 3.4 GHz is given in Fig. 6 . Moreover, the current distribution of the antenna with and without CSRRs at 5 GHz is given in Fig. 7 . From Fig. 6 , we can find that CSRRs have almost no effect on current distribution at 3.4 GHz when the orientation of the opening end is parallel to the y-axis. However, CSRRs with different orientation of the opening end have almost no effect on current distribution at 5 GHz. In addition, we can draw the similar conclusion when CSRRs are etched on both sides of the line AC and BD. Based on the above analysis, the proposed antenna is designed and shown in Fig. 8 .
LOW RCS DUAL-FREQUENCY MICROSTRIP ANTENNA
Based on the above analysis, a dual-frequency microstrip antenna with CSRRs is shown in Fig. 8 , with a center frequency of 3.4 GHz and 5 GHz. The dimension of the patch and ground is same as 
NUMERICAL AND EXPERIMENTAL RESULTS
In Fig. 10 , the simulated and measured S 11 of two microstrip antennas with and without CSRRs are given. At the same time, the VSWR of antennas operating at 3.4 GHz and 5 GHz CSRRs are given in Fig. 11(a) and Fig. 11(b) , respectively. From the results of Fig. 10 , we can obviously find that two antennas work at same frequency and the simulation results are in agreement with the experimental ones. At 3.4 GHz and 5 GHz, the gain of the antenna without CSRRs in the normal direction (z-axis) is 2.13 dB and 5.07 dB, respectively. And at 3.4 GHz and 5 GHz, the gain of the antenna with CSRRs is 2.39 dB and 4.35 dB, respectively. At 3.4 GHz, there is no gain loss. The gain loss is 0.66 dB at 5 GHz, which is less than 1 dB. The Fig. 12 gives the radiation patterns of two antennas. We can draw the conclusion from Fig. 12 that the main lobes of two radiation patterns are in good agreement both in xoz-plane and yoz-plane. The monostatic RCS of two microstrip antennas irradiated with ϕ-polarized incident in xozplane and yoz-plane is given in Fig. 13 . At 3.4 GHz, monostatic RCS is reduced in angular ranges of −40 • ≤ θ ≤ +40 • both in xoz-plane and in yoz-plane. In the xoz-plane and yoz-plane, RCS reduction in the normal direction of the antennas is 2.1 dB and 8.4 dB, respectively. For the case of 5 GHz, monostatic RCS is reduced in angular ranges of −90 • ≤ θ ≤ +90 • both in xoz-plane and in yoz-plane. In the xoz-plane and yoz-plane, RCS reduction in the normal direction of the antennas is 10.6 dB and 17.3 dB, respectively. As shown in Fig. 8 , we can find that the number of CSRRs whose opening end is parallel with y-axis is more than the number of CSRRs whose opening end is parallel with x-axis. The effect of RCS reduction in yoz-plane is better than that in xoz-plane. Moreover, the antenna operating at 5 GHz has more significant RCS reduction than that at 3.4 GHz. The reason is that S 11 of CSRRs at 5 GHz is lower than that at 3.4 GHz in Fig. 2 . Therefore, more transmitted waves are generated at 5 GHz than 3 GHz when the antenna is irradiated with ϕ-polarized incident. Because the CSRR has a narrow band, only in-band RCS reduction can be achieved.
When the angle of the incident wave increases, the direction of electric field is still parallel to x-axis or y-axis. So CSRRs can be excited by an external electric field all the time. In other word, it is possible to reduce RCS from wide range of angles.
CONCLUSION
A novel compact CSRR structure is designed and applied to RCS reduction of dual-frequency microstrip antenna. Two antennas with and without CSRRs are simulated and measured. Results indicate that the RCS can be significantly reduced when CSRRs have the same resonance frequency with the antenna. And we can achieve the in-band RCS reduction in wide angular ranges without degrading antenna's radiation performance.
